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Abstract—In this paper, a symbol-level selective transmission
for virtual full-duplex (FD) relaying networks is proposed, which
aims to mitigate error propagation effects and improve system
spectral efficiency. The idea is to allow two half-duplex relays,
mimicked as FD relaying, to alternatively serve as transmitter
and receiver to forward the source’s messages. In this case, each
relay predicts the correctly decoded symbols of its received frame,
based on the generalized square deviation method, and discard
the erroneously decoded symbols, resulting in fewer errors being
forwarded to the destination. Then, a modified maximum a
posteriori receiver at the destination is provided to eliminate the
inter-frame interference and identify the positions of discarded
symbols from the relays. In addition, the diversity-multiplexing
trade-off (DMT) for our proposed scheme is also analysed. It is
found that our proposed scheme outperforms the conventional
selective decode-and-forward (S-DF) relaying schemes, such as
cyclic redundancy check based S-DF and threshold based S-DF,
in terms of DMT. Moreover, the bit-error-rate performance are
also simulated to confirm the DMT results.
I. INTRODUCTION
Cooperative communication has attracted much attention in
recently years due to its capability of serving as a virtual
multi-antenna based system to combat fading and improve
spectral efficiency. Moreover, it can also be utilized to extend
the communication coverage. In the literature, there are many
relaying protocols being considered, and one of their practical
ones is decode-and-forward (DF) relaying, where the relay
node decodes the received signal sent from the source node
and forwards the regenerated one to the destination node [1]–
[3]. It is shown that this protocol simplifies the power control
and allow for reprocessing of the decoded signal. However,
the erroneously decoded bits or symbols may be forwarded
to the destination node, which results in the error propagation
effects and degrades the system performance.
On the other hand, conventional relaying normally works
in half-duplex (HD) constrained scenarios to avoid the co-
channel interference. However, this consideration may implic-
itly limit the communication capacity, where every data frame
needs to be transmitted via two successive time slots or two
different frequency bands. To efficiently utilize the limited
radio resources, many relaying protocols have been proposed
in the literature, and one of their notable examples is named
virtual full-duplex (FD) relaying, or also called successive
relaying, in [4], [5]. This protocol mimics FD relaying [6]–[8]
and allows the source node continuously transmit the infor-
mation data for every channel use, while two HD relay nodes
alternatively serve as transmitter and receiver to forward the
source’s messages. In this case, diversity-multiplexing trade-
off (DMT) can be used to indicate the system performance, and
the optimal performance can be achieved if the two HD relay
can perfectly decode the source’s messages [9]. However, this
assumption may be hard to realize due to strong inter-relay
interference and/or inter-cell interference.
In order to combat with the effect of erroneously decoding,
the authors in [10]–[16] presented the adaptive retransmission
request schemes to guarantee the perfectly decoding at the
relay nodes at the cost of time delay and signalling overhead
[17]–[20]. Alternatively, the authors in [21], [22] proposed the
space-time coding schemes to assist the relay nodes to guar-
antee the decoding quality, where the decoding error can still
happen especially for higher modulations. Without considering
the adaptive retransmission request or the space-time coding
with lower modulations, the authors in [23] analysed the DMT
performance with the combination of frame-level selective
decode-and-forward (S-DF) relaying protocol. In this case,
the relay nodes directly decode the source node’s messages
and treat the inter-relay interference as noise, and if there
exist decoding errors, they will stop forwarding the received
frames in the next time slot. Such scheme can be likened to
the conventional S-DF relaying with cyclic redundancy check
(CRC). Based on the analysis in [23], the DMT performance is
significantly degraded if the relay nodes cannot perfectly de-
code source’s messages. This is because that a few erroneously
decoded symbols stop the relay nodes forwarding the correctly
decoded symbols to enjoy spatial diversity gain. This motivates
us to propose the symbol-level selective transmission method
to improve the system performances.
In detail, instead of discarding the whole transmission frame
after CRC fails as in [23], the relay nodes in our proposed
scheme predict the correctly decoded symbols per frame
based on square deviation principle [24] and then forward
them to the destination node, resulting in fewer errors being
propagated. In the literature, log-likelihood ratio (LLR) based
symbol-level selective transmission has been proposed in [25],
[26], where the correctly decoded symbols are selected by
comparing their LLR values with a pre-determined threshold.
To precisely select the qualified symbols, appropriate LLR
threshold needs to be obtained. However, such appropriate
LLR threshold is hard to find [27]. In addition, the relay
nodes with the selection methods in [25], [26] need to inform
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Fig. 1: Illustration of virtual FD relaying network.
the destination node the positions of discarded symbols. This
will cost extra signalling overhead. In contrast, our proposed
symbol-level selection method simplify the decision threshold
design, and with the proposed modified maximum a posteriori
(MAP) detector, the positions of discarded symbols can be
estimated at the destination node. Apart from these, the DMT
performance of our proposed scheme is also analysed in this
paper. By comparing with the DMT of existing S-DF based
scheme, our proposed scheme can offer higher diversity gain
while make multiplexing gain stay the same. Furthermore,
computer simulations in terms of bit-error-rate (BER) are also
implemented to confirm the DMT results.
II. SYSTEM MODEL
We assume discrete-time block fading channels, which
remain static over each transmission time slot. Consider a
virtual FD relaying network with one source node (S), two HD
relay nodes (R1/R2) and one destination node (D) as illustrated
in Fig. 1, where each node only has a single antenna. The
source node encodes the information bits b using a turbo-
like encoder, e.g., a 1/2 rate serial concatenated convolutional
code, to generate the coded bits c. Then, c are mapped onto
x transmission symbols based on Q-ary modulation scheme.
Subsequently, x is divided into L frames, and without loss
of generality L is assumed to be even. The source node
broadcasts L data frames in L time slots, and two relay nodes
alternatively transmit and receive the data sent from the source
node until the (L + 1)th time slot. Specifically, for the even
time slots, relay one sends its decoded frame to relay two and
the destination node, meanwhile, the source node sends the
new frame to relay two and the destination node; for the odd
time slots, relay two sends its decoded frame to relay one and
the destination node, meanwhile, the source node sends the
new frame to relay one and the destination node.
Let yRj(l) ∈ CM be the received signal vector in the lth
time slot at the jth, j ∈ {1, 2}, relay node, and yD(l) ∈ CM be
the received signal vector in the lth time slot at the destination
node, where M is the number of symbols per frame. Then,
we have
yRj(l) =
√
PhS,Rj(l)xS(l) +
√
PhR(l)xRj(l − 1) + vRj(l),
(1)
yD(l) =
√
PhS,D(l)xS(l) +
√
PhRj,D(l)xRj(l − 1) + vD(l),
(2)
where hS,Rj(l), hR(l), hS,D(l), and hRj,D(l) are the complex
channel coefficients in the lth time slot for S-R link, R-R link,
S-D link, and R-D link, respectively, and j is complementary
of j, e.g., if Rj represents R1, Rj will be R2, vise versa;
xS(l) ∈ CM is the lth frame transmitted in the lth time slot
at the source node; xRj(l − 1) ∈ CM is the (l − 1)th frame
transmitted in the lth time slot at the j
th
relay node; P is the
transmit power for each transmission node; vRj(l) ∈ CM and
vD(l) ∈ CM are the additive white Gaussian noise (AWGN)
with zero mean and covariance of I for the jth relay and
destination nodes, respectively, where I is the M×M identity
matrix.
From the channel model described above, if the relay nodes
can perfectly decode the messages sent from the source node,
the MISO equivalent form for the entire L + 1 time slots
transmission from the source to the destination with the help
of the relays can be expressed as
Y =
√
PHX+V, (3)
where Y ∈ C(L+1)×M is the received signal matrix at the
destination node; X = [xS(1),xS(2), . . . ,xS(L)]T is the L×
M transmitted frames from the source node, and (·)T is the
transpose of a matrix; V ∈ C(L+1)×M is AWGN matrix; H ∈
C(L+1)×L is given by
H =
hS,D(1) 0 · · · 0 0
hR1,D(2) hS,D(2) · · · 0 0
0 hR2,D(3) · · · 0 0
...
...
. . .
...
...
0 0 · · · hR1,D(L) hS,D(L)
0 0 · · · 0 hR2,D(L+ 1)

.
(4)
III. THE PROPOSED SYMBOL-LEVEL SELECTIVE
TRANSMISSION SCHEME
Our proposed scheme relies on the square deviation method
(see [24]) to predict the position of correctly decoded symbols
in a frame. This leads to a low-complexity and high-efficiency
symbol-level selection method at the relay nodes. To elaborate,
we first transfer (1) to a symbol-wise equation as
y
(m)
Rj (l) =
√
PhS,Rj(l)x
(m)
S (l) + z
(m)
Rj (l), ∀m, (5)
where y(m)Rj (l) and x
(m)
S (l) are the m
th elements
in yRj(l) and xS(l), respectively; z
(m)
Rj (l) ,√
PhR(l)x
(m)
Rj
(l − 1) + v(m)Rj (l) is the inter-relay interference
plus AWGN, where x(m)
Rj
(l − 1) and v(m)Rj (l) are the mth
elements in xRj(l − 1) and vRj(l), respectively. Then,
in order to make the proposed selection method work for
the complex-valued constellation schemes, we need to find
the real-valued equivalent form of (5) for each symbol.
To this end, let y˜(m)Rj (l) ∈ R2×1, x˜(m)S (l) ∈ R2×1, and
z˜
(m)
Rj (l) ∈ R2×1 denote real vectors obtained from y(m)Rj (l),
x
(m)
S (l), and z
(m)
Rj (l), respectively, as
y˜
(m)
Rj (l) = [R(y(m)Rj (l)), I(y(m)Rj (l))]T , (6)
x˜
(m)
S (l) = [R(x(m)S (l)), I(x(m)S (l))]T , (7)
z˜
(m)
Rj (l) = [R(z(m)Rj (l)), I(z(m)Rj (l))]T . (8)
Additionally, let H˜S,Rj(l) ∈ R2×2 denote real matrix obtained
from
√
PhS,Rj(l), as
H˜S,Rj(l) =
√
P
[ R(hS,Rj(l)) −I(hS,Rj(l))
I(hS,Rj(l)) R(hS,Rj(l))
]
. (9)
Then, the real-valued equivalent form of (5) is given by
y˜
(m)
Rj (l) = H˜S,Rj(l)x˜
(m)
S (l) + z˜
(m)
Rj (l), ∀m. (10)
It is worth noting that, for simplicity of relays’ structure and
consistency with the work in [23], in this paper the decoding
process at the relay nodes will treat the inter-relay interference
as noise.
After obtaining the received signal as (10), the relay nodes
perform soft demodulation and hard-decision based decoding
and then feeds the decoded bits into the same encoder and
modulator as the source node to reconstruct the real-valued
transmission symbol vectors xˆ(m)S (l) ∈ R2×1,∀m.1 Then,
each reconstructed symbol vector will be processed to decide
its correctness based on the square deviation principle, which
is
∆m(l) = ‖WRj(l)y˜(m)Rj (l)− xˆ(m)S (l)‖2, ∀m, (11)
where WRj(l) ∈ R2×2 is the weighted matrix, which can be
formulated as [24]
WRj(l) = σ
2
xH˜
T
S,Rj(l)[σ
2
xH˜S,Rj(l)H˜
T
S,Rj(l) + σ
2
zI]
−1. (12)
In (12), σ2x is covariance of a symbol element in x˜
(m)
S (l), and
σ2zI is covariance matrix of z˜
(m)
Rj (l), where I in this case is a
2×2 matrix. To make a hard decision whether the mth symbol
in the lth frame is correctly decoded or not, define a utility
function
sgn (εm(l)) ,
{
1, εm(l) ≥ ∆m(l),
0, otherwise,
(13)
where εm(l) is the square deviation error threshold between
WRj(l)y˜
(m)
Rj (l) and xˆ
(m)
S (l), which is generally under the
control of the system designer and should be chosen based
on the prescribed modulation size. From (13) we can see, if
sgn (εm(l)) = 1, the mth symbols in the lth frame is assumed
to be correctly decoded and can be forwarded to the destination
1In this paper, the repetition coded relaying is assumed for sake of
simplicity, where S and R1/R2 use the same encoders and modulation scheme.
node, otherwise, the symbol should be transmitted with zero
energy as it is determined as an erroneously decoded symbol.
With the above described symbol-level selection process,
the relay node is able to formulate its actual transmission
frame xRj(l) ∈ CM for the next time slot use. Specifically,
let x˜(m)Rj (l) ∈ R2×1 be the real vector obtained from x(m)Rj (l)
similar to (7), and x(m)Rj (l) is the m
th element in xRj(l). Then,
the real-valued transmission symbols in the lth frame can be
selected by
x˜
(m)
Rj (l) = sgn (εm(l)) · xˆ(m)S (l), ∀m. (14)
After that, the real-valued x˜(m)Rj (l),∀m, need to be converted
back to the complex-valued x(m)Rj (l),∀m. Then, the actual
transmission frame xRj(l) is obtained.
After receiving the data frames during two successive time
slots, the destination node will implement the modified MAP
receiver to mitigate inter-frame interference generated from
both source and relay nodes, and identify the position of dis-
carded symbols. In detail, in comparison to the standard MAP
receiver, the modified MAP receiver allows the hypothesis-
detection include the event that the symbol sent from the relay
nodes could be with zero energy. Then, after splitting the two
successive frames, the position of the discarded symbols from
the relay nodes can be automatically identified. Subsequently,
the two versions of one data frame can be combined for the
turbo-like decoding process.
IV. DIVERSITY MULTIPLEXING TRADE-OFF ANALYSIS
To exploit the DMT performance of our proposed scheme,
the probability of correctly predicted/forwarded symbols per
frame at the relay nodes need to be calculated first. Such
probability can be derived with the help of the statistical
property of estimation error in (11). Specifically, we assume
all the channel links are complex Gaussian distributed, and
from (10) we can see, H˜S,Rj(l) is fixed for the lth time
slot, and z˜(m)Rj (l) follows normal distribution, i.e., N (0, σ2zI).
Thus, according to [24], the estimation error vector (i.e.
WRj(l)y˜
(m)
Rj (l) − xˆ(m)S (l)) follows normal distribution with
zero mean and covariance matrix as
Ce ,
σ2xI− σ4xH˜TS,Rj(l)[σ2xH˜S,Rj(l)H˜TS,Rj(l) + σ2zI]−1H˜S,Rj(l),
(15)
where, in (15), H˜S,R(l)H˜TS,R(l) = PSσ
2
hS,R
I is a scalar matrix,
so that (15) can be simplified as
Ce =
(
σ2x −
PSσ
4
xσ
2
hS,R
PSσ2xσ
2
hS,R
+ σ2z
)
︸ ︷︷ ︸
,σ2Ce
I, (16)
which is also a scalar matrix with the scalar value being
defined as σ2Ce . Thus, the square deviation ∆m(l) follows the
chi-squared distribution with two degrees of freedom. In this
case, the probability of the mth symbol in the lth frame that
is selected to be forwarded to the destination node is given by
Pm(l) , Pr(∆m(l) ≤ εm(l)),
=
∫ εm(l)
σ2
Ce
0
f∆(x; 2)dx,
= 1− e−
εm(l)
2σ2
Ce , (17)
where f∆(x; 2) in (17) is the probability density function
(p.d.f.) of ∆m(l). Due to the statistical independence, the
average probability of correctly predicted/forwarded symbols
per frame at the virtual FD relay nodes is given by
PC , 1
LM
L∑
l=1
M∑
m=1
Pm(l). (18)
It is worth noting that, if a specific symbol is discard at
one relay in the current time slot, the decision made for
the corresponding symbol at the other relay in the next time
slot will not be affected by the inter-relay interference. In
this case, when we calculate the selection probability for the
corresponding symbol, σ2z in (16) will not include the variance
of inter-relay interference.
After obtained the average probability of correctly selected
symbols per frame at the relay nodes, the DMT expression of
our proposed scheme can be derived following the derivation
procedure in the Appendix of [9] and can be expressed as
d(r) =
(
1− L+ 1
L
r
)+
+
(
1− L+ 1
LPC r
)+
, (19)
where d represents spatial diversity gain and r represents
spatial multiplexing gain; (a)+ denotes max{0, a}. Let’s de-
fine the average SNR of S-R link over the average SNR of
R-R link as η, where SNR is defined as the transmission
power normalized by noise power ratio. Fig. 2 compares
the DMT performances of different schemes with different
η values, where MISO DMT bound is the optimal DMT
performance derived in [9], and Conventional S-DF is the
DMT performance for CRC based S-DF relaying in [23].
As shown in Fig. 2, MISO DMT bound scheme gives the
best DMT performance because the perfect decoding at the
relays is assumed. For the case η = 1, where the average
SNR of S-R link is the same as the average SNR of R-R
link, our proposed scheme outperforms Conventional S-DF
scheme when the multiplexing gain r is less than 0.6. This is
because, in this case, the relay nodes for Conventional S-DF
scheme always discard the received frames due to the decoding
errors. On the other hand, the relay nodes for our proposed
scheme can base on the symbol-level selection method to
predict and forward the correctly decoded symbols per frame
to the destination node to enjoy partial spacial diversity gain.
For the case η = 1.25, where the average SNR of S-R link
is 1.25 times better than the average SNR of R-R link, the
DMT performance of Conventional S-DF scheme has some
improvements when r is less than 0.3. In this case, the DMT
performance of our proposed scheme is almost the same
as the one of MISO DMT bound scheme. This is because,
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schemes, where L = 20 and εm(l) = 0.5,∀m, l.
with η = 1.25, the effects of inter-relay interference for our
proposed scheme can be ignored especially when the average
SNR of diffident links goes to infinity.
V. SIMULATION RESULTS
Computer simulations are conducted to evaluate our pro-
posed symbol-level selective transmission scheme in terms of
BER performances. We assume that all channels are generated
as independent Rayleigh fading, which remained static over
each time slot. L = 20 frames are transmitted via L + 1
time slots, and each frame is with M = 512 information
bits. The quadrature phase-shift keying (QPSK) modulation
and turbo-like channel coding are implemented in the system.
Specifically, the 1/2 rate serial concatenated convolutional
code is used at the source and relay nodes, where the first
encoder is the non-recursive non-systematic convolutional
code with a generator polynomial G = ([3, 2])8, and the
second encoder is the doped-accumulator with a doping rate
equalling 2. Simulation results are computed on an average
over 1000 independent channel realizations.
There are three baselines for comparison: 1) Perfect decod-
ing at relays: this is served as the performance bound, where
we assume that the relay nodes can always perfectly decode
the source node’s messages; 2) CRC based S-DF: the relay
nodes only forward if they can perfectly decode the source
node’s messages; 3) Threshold based S-DF: the relay nodes
only forward if the probability of decoding errors in a frame
is less than 10%. All the schemes implement our modified
MAP detector at the destination node to mitigate inter-frame
interference. In addition, given the distance between the source
and the destination nodes as dS,D = d, we have relay location
as dS,R1 = dS,R2 = 12d and dR1,D = dR2,D =
3
4d. Then,
following the work in [28], the SNR relationship in dB among
different links can be approximated by ρS,R1 = ρS,R2 =
ρS,D + 10.6 dB and ρR1,D = ρR2,D = ρS,D + 4.4 dB. This
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Fig. 3: BER versus the total average links SNR for the proposed scheme with
different ε values, where the variance of inter-relay link was set up to 1.
configuration illustrates the relay nodes are close to the source
node, which is suitable for DF relaying.
Experiment 1: As we mentioned in Section III, εm(l),∀m, l,
affect symbol prediction accuracy and should be carefully
designed. In this experiment, we will base on computer
simulations to pick up suitable εm(l),∀m, l. Due to statis-
tical identity, we have εm(l) = ε, ∀m, l. Fig. 3 gives BER
performances of our proposed scheme versus the total average
links SNR for different ε values. Here, we choose the variance
of inter-relay channel link equalling to one as an example.
For other inter-relay channel variance configurations, the same
performance trend can be observed. The total average link
SNR denotes the total transmission power consumed at both
transmitters to noise power ratio divided by two. As shown in
Fig. 3, the case where ε = 1 give the best BER performance
by comparing with the other cases, which means giving a too
large or a too small value of ε are not suitable for predicting
the correctly decoded symbols at the relay nodes. Here, if ε is
too large, although more symbols are selected, the symbols can
be wrongly decoded; if ε is too small, even some symbols are
correctly decoded, the threshold will stop the symbols being
selected. For the next experiment, ε = 1 will be used for the
BER performance evaluation.
Experiment 2: The objective of this experiment is to exam-
ine BER performances of our proposed symbol-level selective
scheme with different levels of inter-relay interference. Fig. 4
gives BER performances versus the total average links SNR
for different kinds of relaying schemes with different channel
variances of inter-relay link. In this case, σ2ch denotes the
channel variance of the inter-relay link. If σ2ch = 1, S-R link
and R-R link have the same quality; if σ2ch = 0.01, the inter-
relay interference does exist but not as strong as S-R link; if
σ2ch = 0, there is no inter-relay interference. To clarify the
comparison of different schemes with different cases, we split
one figure to two sub-figures.
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Fig. 4: BER versus the total average links SNR for different kinds of relaying
schemes, where the variance of inter-relay link (i.e. σ2ch) was set up to 1,
0.01, and 0, respectively.
As shown in Fig. 4, the scheme, that both relay nodes
can always perfectly decode the source node messages, gives
the best BER performance and enjoys the full diversity gain.
Our proposed scheme gives the second best BER performance
by comparing with the other existing schemes especially for
high SNR range. Such performance trend is in line with the
DMT performances discussed in Section IV. Specifically, for
the case where σ2ch = 1, our proposed scheme outperforms
both CRC based S-DF scheme and Threshold based S-DF
scheme when the total average links SNR is larger than 12
dB. For the case where σ2ch = 0.01, our proposed scheme and
Threshold based S-DF scheme outperform CRC based S-DF
scheme through the entire displayed SNR range. Apart from
that, our proposed scheme outperforms Threshold based S-DF
scheme when the SNR is larger than 10 dB. This is because
that our proposed scheme can always select the correctly
decoded symbols and forward them to enjoy partial diversity
gain. However, CRC based S-DF scheme stops forwarding
even there is only a single erroneously decoded symbol in
a frame. On the other hand, Threshold based S-DF scheme
can tolerate certain amount of erroneously decoded symbols
to enjoy increased spacial diversity gain by comparing with
CRC based S-DF scheme. For the case where σ2ch = 0, the
same performance trend can be observed as the case where
σ2ch = 0.01. As shown in the second sub-figure, because
the inter-relay interference in this case is equal to zero, our
proposed scheme can offer the same diversity gain as Perfect
decoding at relays scheme.
VI. CONCLUSION
In this paper, a square deviation based symbol-level se-
lective transmission scheme for virtual FD relaying has been
proposed. This scheme predicts the correctly decoded symbols
at the relay nodes and then forwarded them to the destination
node to improve the system spatial diversity gain. Apart from
that, the DMT performance of our proposed scheme has been
theoretically analysed, and numerical results show that our
proposed scheme outperforms the conventional CRC based
S-DF relaying scheme in terms of DMT. Moreover, BER
performances for different schemes have also been simulated
to confirm the DMT results.
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